Background: Exposure to particulate matter (PM) has been associated with deficits in lung function growth among children in Western countries. However, few studies have explored this association in developing countries, where PM levels are often substantially higher. Methods: Children (n ϭ 3273) 6 -12 years of age were recruited from 8 schools in 4 Chinese cities. The lung function parameters of forced vital capacity (FVC) and forced expiratory volume in 1 second (FEV 1 ) were measured using computerized spirometers twice a year for up to 3 years (1993)(1994)(1995)(1996). Dichotomous samplers placed in each schoolyard were used to measure PM 2.5 and PM 10 (PM with diameter Յ2.5 m and Յ10 m, respectively). Multivariable generalized estimating equations were used to examine the association between the quarterly average PM levels and lung function growth during the period of follow-up. Results: Annual average PM 2.5 and PM 10 levels in the 4 cities ranged from 57 to 158 g/m 3 and 95 to 268 g/m 3 , respectively. In multivariable models, an increase of 10 g/m 3 of PM 2.5 was associated with decreases of 2.7 mL FEV 1 (95% confidence interval ϭ Ϫ3.5 to Ϫ2.0), 3.5 mL FVC (Ϫ4.3 to Ϫ2.7), 1.4 mL/year FEV 1 growth (Ϫ1.8 to Ϫ0.9), and 1.5 mL/year FVC growth (Ϫ2.0 to Ϫ1.0). Similar results were seen with PM 10 exposure.
C
hildren are particularly vulnerable to the effects of air pollution because they have a larger lung-to-body volume ratio, their airway epithelium is more permeable to air pollutants, and the lung defense mechanisms against particulate matter (PM) pollution and gaseous pollution are not fully evolved. 1 Breathing the same pollutant concentrations, children may have a 2-to 4-fold higher dose reaching the lung parenchyma compared with adults. 2 Numerous epidemiologic studies have reported adverse effects of air pollution on children's respiratory health. 3 Of particular relevance to the present study are recent studies that examined the relationship between long-term exposure to air pollution and decreased lung function growth among children. A Southern California study found that the growth of forced expiratory volume in 1 second (FEV 1 ) was slower in more polluted (higher PM 2.5 ) communities and that movement away from polluted areas resulted in lower deficits in lung function growth. 4, 5 Similar associations have been found in Poland and Austria. 6, 7 However, these studies were carried out in populations exposed to relatively low levels of air pollution (California, ϳ5 to 27 g/m 3 PM 2.5 ; Krakow, Poland, ϳ33 to 52 g/m 3 suspended particulate matter; Austria: ϳ10 to 30 g/m 3 PM 10 ). People living in many urban areas of developing countries have been exposed to much higher levels of pollution. For example, annual average PM 2.5 in New Delhi, India, was 102 g/m 3 in 2007 8 ; average PM 10 levels in urban areas in non-European low-income countries range from approximately 20 to 99 g/m 3 , and megacities in Asia have recorded annual levels to be Ͼ100 g/m 3 . 9, 10 Whether the lung responses of children living in these highly polluted cities are similar to those living in Western countries is unknown. In fact, to the best of our knowledge, no prospective, longitudinal studies have been conducted to examine the effect of ambient PM on lung function growth at higher exposure levels, or have compared the sensitivity of lung function growth in relation to PM 2.5 and PM 10 exposure. This knowledge gap adds uncertainty to extrapolation of dose-response information from Western countries to developing countries, where PM 10 is often the only metric of PM exposure collected. This provided the motivation behind the current study, where we examined the relationship between ambient PM concentrations and lung function growth among children living in 4 large Chinese cities.
METHODS
This prospective semiecologic longitudinal study was conducted in the 4 Chinese cities of Chongqing, Guangzhou, Lanzhou, and Wuhan, and was part of a larger study of respiratory morbidity and air pollution. [11] [12] [13] [14] During the time of data collection (1993) (1994) (1995) (1996) , China had not entered its rapid economic development period; people living in the 4 cities (as well as other cities) had relatively uniform income and lifestyle, and ambient air pollution levels were relatively stable from year to year.
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Study Population
A description of the study population and site selection has been previously published. [11] [12] [13] [14] In brief, 7621 children residing in 8 districts within the 4 cities were recruited during the years of 1993 through 1996. The study districts were selected with the aims of maximizing the between-city and within-city concentration gradients in the ambient air pollutants of interest. The latter aim was achieved by selecting an urban district and a suburban district in each of the 4 cities. Within each district, an elementary school was chosen to participate in the study. Subject eligibility was based on the following inclusion criteria: (1) their families had no plans to move within 3 years and (2) their homes were within 2 km of the schools. Children 6 -12 years of age were enrolled in the study after informed consent was obtained from the parents.
Of the 7621 children participating in the study on respiratory morbidity (through a questionnaire survey), 3273 students in grades 2-5 were enrolled, from randomly selected classrooms, for lung function tests and were followed for up to 3 years with repeated measurements of lung function twice every year. The study was carried out during the period of 1993-1996. Of the 3273 children, 2480 (76%) had at least 3 longitudinal measurements of lung function, and 1027 (31%) children had Ն5 measurements.
Ambient PM Measurement
The sampling frequency was stratified by quarter of year. At least 15 samples were collected in each quarter of 1995 and 1996; and within each city, the samples were collected on the same dates in both the urban and the suburban schools. PM 2.5 and PM 10 were collected on a 24-hour integrated basis in the yards of the schools, using dichotomous samplers (Sierra-Anderson Model 241). The samples were collected on Teflon filters (2-m pore size) supported by polyolefin rings, and the samplers were operated at a total flow rate of 16.7 L/min with 90% of the total flow passing the PM 2.5 inlet and 10% of the total flow passing the PM 2.5-10 inlet. At the beginning and the end of each 24-hour sampling session, bubble flow meters were used to calibrate and to ensure constant flow rates of the mass flow controllers used with the dichotomous samplers. Flow rate variations throughout each sampling session were within Ϯ5%. Approximately 10% field blanks and duplicates were collected for quality control measures. All the air filters were weighed in a climatecontrolled room to gravimetrically determine PM 2.5 and PM 10 concentrations. The method has previously been described in detail.
12,13
Questionnaire Survey
Information on residential history, lifestyles, household characteristics, and children's and parents' health histories was obtained at baseline through a self-administered questionnaire survey.
14 The questionnaire was completed by parents and included detailed questions on breastfeeding, location and number of years lived in each residence, types and characteristics of dwelling, method of cooking and heating, location of kitchen, types of home ventilation devices (exhaust fan, hood, chimney for cooking or heating), degree of home smokiness and eye irritation during cooking, history and current status of children's respiratory illnesses and symptoms, parental education levels, parental occupation, parental smoking status, and parental respiratory health histories. The queried information has previously been described in detail.
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Lung Function Measurement
Lung function was measured using computerized Warren E. Collins Survey II 8-L water seal volume spirometers (Warren E. Collins, Braintree, MA) situated in each of the 8 schools, by 6 trained technicians. There was at least one technician per city who oversaw the tests in both urban and rural district schools. Forced vital capacity (FVC) and FEV 1 were measured twice a year-once during the warm season and the other during the cold season. Three to 8 measurements per testing session were taken for each student.
The American Thoracic Society's standard spirometry procedure was used. This required each child to perform at least 3 FVC trials that were acceptable in overall shape, and with at least 2 acceptable trials that were reproducible (difference Ͻ5%). Of the trials that were deemed acceptable, the mean of the 2 highest FEV 1 and FVCs were used to calculate the lung function measures.
The spirometers were calibrated, and all the technicians were trained centrally at one location at the beginning of the study; then twice a day, spirometry technicians checked the system at each site for leakage, linearity of analog to digital responses over the full volume range of the spirometer, and volume calibration with a 3-L syringe. During testing, volume-time curves were recorded on paper charts to provide backup and validation. All values of FVC and FEV 1 were adjusted to body temperature and pressure saturated (BTPS) conditions. We also calculated FEV 1 /FVC ratios.
Statistical Analysis
The outcome data consisted of the results of 6149 pulmonary function tests of 1634 girls and 6056 tests of 1639 boys during the 3-year period. Univariate summary statistics and distributional plots were examined for all variables. Ambient concentrations of PM 10 and PM 2.5 across the cities and districts were explored, and quarterly mean levels were calculated. We used analysis of variance for bivariate analysis to explore associations between quarterly PM exposure, lung function, and other potential confounders. We performed preliminary analyses and model-building using multivariate linear regression. Confounders were included in multiple regression models if they changed the main effect estimate by Ͼ10% and if they were biologically relevant. Because measures of indoor air pollution and home characteristics may not be strictly confounders, but may explain much of the variation in lung function, they were selected using a backward selection process with cutoff value of P ϭ 0.10.
The study had repeated measures on individual subjects nested within districts in cities. We examined the intraclass correlation of spirometry outcomes at each sampling level (city, district, and spirometry technician) using random-effects mixed models. Because we were interested in the marginal effects of PM on lung function, we chose to use generalized estimating equations (GEE).
To explore the effect of PM on the growth rate of lung function, we carried out a two-stage analysis. In the first stage, we estimated the district-specific average growth of lung function after accounting for baseline age, sex, body mass index, asthma status, maternal and paternal educational achievement, fathers' smoking status, indoor coal use for cooking or heating, and presence of ventilation in the house, while accounting for repeated measures and spirometry technician in the GEE model. The second-stage analysis was an inverse variance-weighted linear-regression model of the district-specific growth in lung function in relation to the average PM 2.5 levels and PM 10 levels for each district.
Because we had heterogeneous lengths of follow-up between spirometry measurements and a wide range of baseline ages among the children in the study, to estimate the population-average lung function growth associated with PM 10 or PM 2.5 exposure across persons in the districts and also allow for seasonal variation within each district, we created an interaction term between quarterly PM concentration in each district and change in age, accounting for baseline age, confounders, repeated measures, sampling district, and spirometry technician in the GEE model. Finally, using the aforementioned model, we compared the effects across PM 2.5 and PM 10 , by scaling the effect estimates (sizes) by interquartile range (IQR), such that the results reflect changes in lung function growth per year per increase in 1 IQR of each pollutant.
Differences in the association between PM and lungfunction growth by sex were explored using stratified analyses in the GEE models and the two-stage exploratory models. An interaction term (PM ϫ sex) in the two-stage model was also tested.
All analyses were carried out in SAS V9 (SAS Institute, Cary, NC). The GEE models were run in the SAS Genmod procedure.
RESULTS
PM 2.5 and PM 10 levels were highest in the Guangzhou urban district (PM 2.5 : 148 g/m 3 average during 1995-1996) and lowest in the Wuhan suburban district (PM 2.5 : 52 g/m3 average during [1995] [1996] . Annual district-specific mean concentrations of PM 10 and PM 2.5 are reported in eTable 1 (http://links.lww.com/EDE/A563). In addition, there were wide between-city and within-city gradients in long-term ambient PM levels across the years sampled ( Fig. 1) , as reported previously. 12, 13 Mean FEV 1 values were 1812 mL (SD ϭ 375) among boys and 1729 mL (416) among girls at the first lung-function measurement (referred to as baseline values). Mean FVC values were 2107 (444) mL and 1955 (460) mL among boys and girls, respectively. Table 1 provides a description of the study population with respect to lung function and the results of preliminary bivariate analyses. Male sex, increasing age, increasing height, and increasing weight were each associated with higher lung function; the child's previous diagnosis of asthma was associated with lower FVC and FEV 1 /FVC ratio. Parental occupation, education, and smoking status, as well as number of rooms, measures of indoor air pollution (type of stove, use of coal as cooking/heating fuel, use of ventilation devices) were each associated with lung function.
Lung-function level in this population was significantly predicted by age, sex, height, weight, the interaction of weight with sex, and presence of diagnosed asthma. After the backward selection in the linear regression process, the only measures of indoor air pollution remaining in the model were use of coal and presence of a ventilation device. Coal use was associated with a change of Ϫ19.0 mL (95% confidence interval ϭ Ϫ27.7 to Ϫ10.3) FEV 1 and a Ϫ21.7 mL (Ϫ37.8 to Ϫ5.6) change in FVC. The use of ventilation devices in the household was associated with a 15.1 (6.0 to 24.2) mL higher FEV 1 and an 18.7 (8.0 to 29.3) mL higher FVC, after accounting for age, height, sex, past diagnosis of asthma, mothers' education, and fathers' education. Asthma was associated with a decrease (Ϫ68.0 mL) in FEV 1 , but not with FVC. We retained asthma in all models to maintain comparability. We included fathers' education and mothers' education as measures of socioeconomic status and fathers' smoking status as a measure of children's exposure to environmental tobacco smoke. The prevalence of maternal smoking was very low (ϳ1%) and thus was not included in the analysis.
The final multivariate model accounted for 73% of the variation in FEV 1 and 75% of the variation in FVC. Predicted mean FEV 1 values for boys and girls were 2002 mL and 1911 mL, respectively; and predicted mean FVC values were 1974 mL and 1838 mL, respectively, all adjusted to the age of 10 years, after accounting for height, weight, district, spirometry technician, presence of a ventilation device in the house, coal use, fathers' smoking status, mothers' education, and fathers' education.
Within the districts, children living in the urban district of Guangzhou (with the highest PM levels) had 63 mL (95% CI ϭ 49 to 78) lower baseline FEV 1 and 51 mL (95% CI ϭ 33 to 70) lower baseline FVC than those living in the suburban district of Wuhan (with the lowest PM levels), after adjusting for all the covariates specified earlier in the text and repeated measures within individual participants. The district-specific lung function growth rates were highest in the Chongqing suburban district for FEV 1 (mean ϭ 232 ͓95% CI ϭ 273 to 190͔ mL/year; for FVC, 261 ͓306 to 216͔ mL/year) and lowest in Lanzhou urban and Chongqing urban district for FEV 1 (185 mL/year ͓226 to 144͔) and for FVC (220 mL/year ͓253 to 187͔) (eTable 1). For every 10-g/m 3 increase in PM 10 , average lung function growth across the districts decreased by 1.6 mL/year (95% CI ϭ Ϫ4.9 to 1.6) for FVC and 0.3 mL/year (Ϫ4.1 to 3.3) for FEV 1 . Similar results were seen with PM 2.5 (Fig. 2) .
The effect of 10g/m 3 incremental change in quarterly average PM on lung function, from the multivariate GEE models, are presented in Table 2 for all children who were studied during 1995-1996 and had quarterly PM 2.5 and PM 10 measurements (n ϭ 3158). There were no marked differences in the association between PM and lung function growth by sex (data not shown). The FEV 1 /FVC ratio declined with exposure to PM, but the change was very small. FVC growth decreased by Ϫ1.5 mL/year (95% CI ϭ Ϫ2.0 to Ϫ1.0) per 10 g/m 3 increase in PM 2.5 . When the population was restricted to those who had at least 5 repeated measurements (n ϭ 1027), FVC growth per 10 g/m 3 increase in PM 2.5 Ϫ1.5 mL/year (Ϫ2.2 to Ϫ0.7). Because variation in growth rates was greatest in Wuhan, which also had the lowest average PM levels, an additional sensitivity analysis was run excluding all children living there. FVC growth per 10 g/m 3 increase in PM 2.5 was Ϫ1.6 mL/year (Ϫ2.1 to Ϫ1.1). Similar results were seen when sensitivity analyses were run with FEV 1 and PM 10 .
With every IQR increase in PM 10 and PM 2.5 , deficits in FEV 1 growth rate were 5.0 mL/year (95% CI ϭ Ϫ7.3 to Ϫ2.8) and 8.9 mL/year (Ϫ11.9 to Ϫ5.9), respectively. Corresponding deficits in FVC growth were 5.1 mL/year (Ϫ7.4 to Ϫ2.7) and 9.4 mL/year (Ϫ12.5 to Ϫ6.3).
DISCUSSION
Chronic exposure to high levels of particulate matter were associated with deficits in lung function and decreased development of lung function of elementary school children living in urban China. The effect sizes per IQR were larger for PM 2.5 than for PM 10 , suggesting that PM 2.5 had a stronger effect than did PM 10 on lung function growth in this population. This may reflect deeper penetration of PM 2.5 into the lower respiratory tract, or higher measurement error in allocating personal exposure to PM 10 from the ambient monitors, given that spatial variation in PM 10 is higher than that of PM 2.5 . FEV 1 and FVC growth were both affected by PM 2.5 and PM 10 , with very small changes in FEV 1 /FVC ratio growth. FEV 1 /FVC ratio is considered to be a marker of obstructive diseases. 15 Even though the effects on the ratio were small, because of the inherently higher measurement error (the ratio combines the measurement error in both FEV and FVC measurements), the effect seen is potentially important and suggests early changes that could lead to diseases such as asthma and chronic obstructive pulmonary disease (COPD). However, we also observed a decrease in FVC growth, suggesting that the effects of PM exposure had a restrictive component. Although we cannot be certain of the underlying mechanisms, animal studies suggest that postnatal PM exposure is associated with decreased prolifera- Controlling for baseline age, sex, height, weight, ventilation, coal use, mother's education, father's education, father's smoking status, and time trends. Also, accounting for clustering at district level, spirometry technician, and correlation between individual subjects with repeated measures.
PM indicates particulate matter.
Epidemiology • Volume 23, Number 3, May 2012 Particulate Matter and Chinese Children's Lung Function Growth
tion of lung epithelium and development of lung architecture, which has implications for gas exchange and overall growth of the lungs. [17] [18] [19] Our results are similar to results of other studies. In a study carried out in 3170 Mexico City children, 8 -11 years of age, from 1996 to 1999, there were decreases in FVC and FEV 1 growth associated with air pollution, as well as an increase in the FEV 1 /FVC ratio, which the authors suggested could arise from restrictive changes. 20 The Children's Health Study (CHS) of 1759 children aged 10 years followed until the age of 18 years, in 12 communities in Southern California, also found lower FEV 1 growth, but not FVC growth, in association with ambient PM exposure. 4 A similar pattern, of lower FEV 1 growth but not FVC growth in association with exposure to winter PM, was seen in the study carried out by Horak et al among 975 Austrian children aged approximately 8 years at baseline and followed for 3 years (1994 -1997) . 7 In another study among 1983 children in Guangzhou, China (2006 -2007) , FEV 1 growth but not FVC growth over 6 months, was lower among the children living in the more highly polluted district as compared with those living in the less polluted district. 21 We summarize the estimated effects of PM 10 and FEV 1 growth across these studies in Table 3 . The CHS, 4 Mexico City, 20 and Austrian 7 studies were included because these study designs were similar to the current study, and children were followed for at least 2 years. The Guangzhou study 21 was excluded because it followed the children for only 6 months and did not specifically estimate the effect of PM 10 on FEV 1 growth.
In comparison with these earlier studies, our study found a more modest effect of 1.3-mL/year decrease in FEV 1 growth for every 10-g/m 3 increase in PM 2.5 and 0.7-mL/ year deficit in FEV 1 growth with every 10-g/m 3 increase in PM 10 . There could be various explanations for this observation. Each study used different analytic approaches, and there is considerable variation in effects within the previous studies. The PM concentrations in our study were about 2-10 times higher than those reported in the previous studies, 4, 12, 20, 21, 22 and the Chinese children under study might have had higher prenatal and lifetime exposures to air pollution. Age-adjusted mean FEV 1 for the Chinese children at 10 years of age was lower by almost 70 -80 mL than that of the same-aged California children participating in the CHS. 4 It is possible that the deficits in lung development had already taken place due to lifetime exposures to high levels of air pollution and that the smaller effect seen here reflect a saturation of the response or depletion of susceptible individuals in this population. Lifetime exposure to high ambient air pollution may cause biologic adaptation and make lung function growth less sensitive due to per unit increases in PM, as compared with those living in Western cities with lower ambient PM concentrations.
A recent study suggests that exposure-response relationships of PM exposure with cardiovascular mortality could also have steeper effects at lower exposure ranges as compared with higher exposure ranges. 23 An insightful discussion of the possible nonlinear effects of PM exposure from different sources is presented in a recent paper by Smith and Peels. 24 Nonlinear associations have been documented with other environmental pollutant health effects such as lead exposure and IQ deficits in children, 25 cigarette smoking and bladder cancer, 26 and polyaromatic hydrocarbon exposure and DNA adducts. 27 Our results, taken with findings of previously published studies, suggest a nonlinear dose-response curve, with larger deficits per unit PM seen at lower exposures. This would need to be confirmed by pooled analyses of all the studies exploring this association. Other potential reasons for the difference in results from our study compared with other studies include: (1) Possible lower effect estimates due to differences in growth rates and susceptibility across age groups. Our study had the youngest age group (5-12 years vs. Ն8 years in the other studies). (2) Accurate and consistent spirometric measurements of lung function for young children are known to be challenging. Although we took considerable precautions to maintain quality, measurement error could bias the association toward the null, causing us to detect a smaller effect than that seen in other older children. (3) Differences in exposure assessment methods as well as exposure ranges in the various studies. (4) Lung function differences due to genetic, lifestyle, nutritional, or environmental differences among the Chinese four-cities study children and the other populations studied. (5) Lower effect estimates due to the absence of a reference group with very low exposure in this study population.
This study had strengths and limitations. The study provides data on a range of exposures higher than that seen in previous studies. The longitudinal nature of the study allows us to explore the temporal nature of the deficits in lung function growth affected by PM pollution. We also carried out various sensitivity analyses to ensure that the results of the study did not suffer from selection bias due to loss to follow-up. We explored and controlled for common confounders and important predictors; socioeconomic status was ascertained by maternal and paternal education, occupation, and the type of house and number of rooms in the house. Indoor air pollution metrics included environmental tobacco smoke, presence of ventilation in the house, and indoor coal use for cooking/heating. We did not find important associations between exposure to environmental tobacco smoke and lung function. This could be due to the low variation in smoking rates seen in this population (75% of all fathers were smokers, and 99% of all mothers did not smoke). Although we explored a large number of questionnaire-based factors associated with indoor air pollution, only the presence of ventilation devices and coal use were associated with lung function. This could be due to potential measurement error inherent in questionnaire information compared with actual measurements of indoor air pollution.
We also explored effect modification by sex, but did not find any difference in air pollution-associated lung function growth rates. We had expected such a difference, given that this was noted in the Guangzhou study 21 and the CHS. 4 However, the children in both of those studies were older than our study population and, in the case of the CHS, were followed during the period of adolescence where sex differences are more overt. It is possible that sex does not modify the effect of air pollution on lung function growth before puberty.
We were unable to ascertain the role of other ambient air pollutants (such as sulfur dioxide and nitrogen dioxide) because we did not measure them directly, and because the government central-site monitoring data provided too few days within a quarter to be useful for estimating quarterly means. 12 However, sensitivity analyses in previous publications using two-pollutant or multipollutant models did not alter the direction of the associations or provide a better model fit when gaseous copollutants were adjusted for. 4, 20 Another strength of this study is that PM 10 and PM 2.5 measurements were carried out in the yards of the schools and all study children also lived within 2 km of the schools; thus, the assessment of exposure from this measurement routine is better than information from central monitoring sites, as in most studies. Although we were unable to carry out air sampling every day, the random selection of sampling dates within a quarter should accurately capture the local quarterly mean concentrations.
In conclusion, exposure to ambient PM was associated with deficits in lung function and decreased lung function growth among Chinese children in cities where ambient PM levels were nearly 10 times higher than PM levels measured in Western cities.
